
 
 
 
 
 

The Double-ICTZ Problem in IPCC AR4 Coupled GCMs: Ocean-Atmosphere 
Feedback Analysis 

 
Jia-Lin Lin 

 
NOAA ESRL/CIRES Climate Diagnostics Center, Boulder, CO 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Submitted to J. Climate 
July 2006 

 
 

Corresponding author address:  Dr. Jia-Lin Lin 
NOAA ESRL/CIRES Climate Diagnostics Center 
325 Broadway, R/PSD1, Boulder, CO 80305-3328 

Email: jialin.lin@noaa.gov 
Web: http://www.cdc.noaa.gov/people/jialin.lin/ 

 
 



 2 

Abstract 

This study examines the double-ITCZ (Intertropical Convergence Zone) problem in 

the coupled general circulation models (CGCMs) participating in the Inter-governmental 

Panel on Climate Change (IPCC) Fourth Assessment Report (AR4).  The 20th century 

climate simulations of 22 IPCC AR4 CGCMs are analyzed, together with the available 

AMIP runs from 12 of them. To understand the physical mechanisms for the double-

ITCZ problem, the main ocean-atmosphere feedbacks, including the sea surface 

temperature (SST) gradient−trade wind feedback (or Bjerknes feedback), the 

SST−surface latent heat flux (LHF) feedback, and the SST−surface shortwave flux 

(SWF) feedback, are studied in detail.  

The results show that most of the current state-of-the-art CGCMs has some degree of 

the double-ITCZ problem, which is characterized by excessive precipitation over much of 

the tropics (e.g. northern hemisphere ITCZ, South Pacific Convergence Zone, maritime 

continent, and equatorial Indian Ocean), and often associated with insufficient 

precipitation over equatorial Pacific. The excessive precipitation over much of the tropics 

usually causes overly strong trade winds, excessive LHF and insufficient SWF, leading to 

significant cold SST bias in much of the tropical oceans.  

The AMIP runs also produce excessive precipitation over much of the tropics 

including equatorial Pacific, which also leads to overly strong trade winds, excessive 

LHF and insufficient SWF. This suggests that the excessive tropical precipitation is an 

intrinsic error of the atmospheric models, and that the insufficient equatorial Pacific 

precipitation in the coupled runs of many models comes from ocean-atmosphere 

feedback. Feedback analysis demonstrates that the insufficient equatorial Pacific 
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precipitation in different models is associated with one or more of the following three 

biases in ocean-atmosphere feedback: (1) excessive Bjerknes feedback, which is caused 

by insufficient boundary layer mechanical damping and excessive sensitivity of 

precipitation to SST; (2) incorrectly positive SST-LHF feedback, which is caused by 

excessive sensitivity of surface air humidity to SST; and (3) insufficient SST-SWF 

feedback, which is caused by insufficient sensitivity of cloud amount to precipitation. 

These results suggest that the double-ITCZ problem in CGCMs may be alleviated by 

reducing the excessive tropical precipitation and the above feedback-relevant errors in the 

atmospheric models. 
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1.  Introduction 

The tropical mean climate provides the background state for tropical variabilities such 

as the El Nino/Southern Oscillation (ENSO), the Madden-Julian Oscillation (MJO) and 

the convectively coupled equatorial waves, and modulates the spatial distribution of 

extreme weather events such as the tropical cyclones and mesoscale convective systems. 

It also provides the heating source for the Hadley circulation and affects the circulation 

patterns in the extratropics.  Therefore, a good simulation of tropical mean climate by the 

climate models is a prerequisite for their good simulations/predictions of tropical 

variabilities and global teleconnections.  

Unfortunately, the tropical mean climate has not been well simulated by the coupled 

general circulation models (CGCMs) used for climate predictions and projections (e.g. 

Neelin et al. 1992; Mechoso et al. 1995; Delecluse et al. 1998; Latif et al. 2001; Davey et 

al. 2002; Meehl et al. 2005). In particular, most of the CGCMs produce a double-ITCZ 

(Intertropical Convergence Zone) pattern with excessive precipitation off the equator but 

insufficient precipitation on the equator, which is often associated with an excessive and 

overly narrow sea surface temperature (SST) cold tongue that extends too far west into 

the western Pacific. This double-ITCZ problem is a long-standing tropical bias existing in 

the last several generations of CGCMs. Comparison between models with the double-

ITCZ problem and those without the problem indicates that the problem is mainly caused 

by the atmospheric models rather than the ocean models (e.g. Schneider 2002). 

Sensitivity experiments with individual CGCMs also showed that the bias can be 

alleviated by modifying the atmospheric models, for example, by increasing the 

horizontal and vertical resolutions of the atmospheric model (e.g. Mechoso 2006), 
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changing the closure/trigger assumptions of convection scheme (e.g. Frey et al. 1997; 

Zhang and Wang 2006), or changing the surface wind stress formulation (e.g. Luo et al. 

2004). However, as pointed out by Mechoso (2006), a synthetic view of the double-ITCZ 

problem is still elusive. 

It is widely accepted that ocean-atmosphere feedback plays a central role in 

determining the tropical mean climate. Many theories have been developed for the ocean-

atmosphere feedback mechanisms in the coupled tropical mean climate system (e.g. 

Neelin and Dijkstra 1995; Dijkstra and Neelin 1995, 1999; Sun and Liu 1996; Jin 1996; 

Clement et al. 1996, 2005; Liu 1997; Liu and Huang 1997; Clement and Seager 1999; 

van der Vaart et al. 2000; Cai 2003). Related to this topic, the feedback mechanisms for 

regulating the warm pool SST have also been examined by many observational and 

modeling studies (e.g. Ramanathan and Collins 1991; Wallace 1992; Fu et al. 1992; 

Hartmann and Michelson 1993; Waliser and Graham 1993; Liu et al. 1994; 

Pierrehumbert 1995; Zhang et al. 1995; Miller 1997; Larson et al. 1999; Del Genio and 

Kovari 2002). Overall, the ocean-atmosphere feedbacks in the tropical mean climate 

system can be categorized into the following three groups (Figure 1):  

(1) The SST gradient-trade wind feedback, or Bjerknes feedback (Bjerknes 1969; 

Neelin and Dijkstra 1995). The SST gradient between the warm pool and the cold tongue 

generates an east-west asymmetry in the atmospheric convection, precipitation, clouds 

and water vapor, leading to an east-west asymmetry in the total diabatic heating within 

the atmosphere, which is dominated by the latent heating associated with precipitation 

and the radiative heating associated with clouds and water vapor. The heating asymmetry 

forces sea level pressure (SLP) gradient and thus enhances the trade wind. The increased 
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trade wind in turn enhances the SST gradient by inducing thermocline depth gradient, 

vertical upwelling/downwelling, meridional Sverdrup transport, and zonal advection. 

Therefore, this Bjerknes feedback is a positive feedback. 

(2) The SST-surface latent heat flux (LHF) feedback (e.g. Wallace 1992). 

Perturbation in SST affects the surface wind speed, surface air humidity, and sea-air 

humidity difference, and thus changes the surface LHF, while the LHF in turn modifies 

the SST. Previous observational studies have shown that the sign of the SST/LHF 

feedback is different for different geographical regions and different time scales (e.g. Liu 

et al. 1994; Zhang et al. 1995). 

(3) The SST-surface shortwave flux (SWF) feedback (e.g. Ramanathan and Collins 

1991). This feedback has different sign over the warm pool and the cold tongue. Over the 

warm pool, higher SST forces more active deep convection and more clouds, which in 

turn reduce the surface downward shortwave flux into the ocean and thus cools down the 

SST, leading to a negative feedback. Over the cold tongue, on the contrary, higher SST 

reduces the static stability of the boundary layer and thus reduces the low cloud amount 

(Klein and Hartmann 1993), which in turn increases the surface downward shortwave 

flux and warms up the SST, leading to a positive feedback. 

Any positive (negative) feedback tends to enhance (weaken) the east-west gradient of 

SST and thus the Walker circulation, and the different feedbacks can enhance or 

counteract on each other. Moreover, theoretical studies (e.g. Neelin and Dijkstra 1995; 

Dijkstra and Neelin 1995) have shown that stronger positive feedback tends to shift the 

whole system more westward, leading to an excessive SST cold tongue/double-ITCZ 

pattern similar to that produced by many CGCMs. However, few previous studies have 
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analyzed the ocean-atmosphere feedback mechanisms in CGCMs associated with the 

double-ITCZ problem. 

Recently, in preparation for the Inter-governmental Panel on Climate Change (IPCC) 

Fourth Assessment Report (AR4), more than 20 international climate modeling centers 

conducted a comprehensive set of long-term simulations for both the 20th century’s 

climate and different climate change scenarios in the 21st century. Before conducting the 

extended simulations, many of the modeling centers applied an overhaul to their physical 

schemes to incorporate the state-of-the-art research results, and some also increased their 

model resolutions. These state-of-the-art climate models provide a valuable and exciting 

resource for studying the double-ITCZ problem because (1) they provide a wide range of 

model resolution and a large variety of model physics, such as all the major deep 

convection schemes with different types of convective closures, convective triggers, and 

cloud models, making it possible to study the dependence of model performance on the 

basic model characteristics, and (2) more than half of the models also did AMIP runs in 

addition to the standard coupled runs, making it possible to trace the biases in the coupled 

runs back to the atmospheric models, and evaluate quantitatively the ocean-atmosphere 

feedback parameters important for the double-ITCZ problem. 

The purpose of this study is to evaluate the tropical mean climate in 22 IPCC AR4 

CGCMs, with an emphasis on the ocean-atmosphere feedback mechanisms for the 

double-ITCZ problem. The questions we address are:  

(1) How well do the IPCC AR4 CGCMs simulate the tropical mean climate, 

especially the SST and precipitation? How well do the models simulate the surface 

momentum and heat fluxes? 
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(2) Is there any systematic dependence of model performance on the basic model 

characteristics, such as model resolution or model physics? 

(3) Are the biases found in the coupled runs caused by the atmospheric models or by 

ocean-atmosphere coupling?  

(4) How well do the atmospheric models simulate the ocean-atmosphere feedback 

parameters important for tropical mean climate? 

The models and validation datasets used in this study are described in section 2. The 

CGCM simulations are evaluated in section 3. The AGCM simulations and feedback 

mechanisms are analyzed in section 4. A summary and discussion are given in section 5. 

 

2.  Models and validation datasets 

This analysis is based on 20 years (model year 1979-1999) of the Climate of the 20th 

Century (20C3M) simulations from 22 CGCMs, together with the available AMIP runs 

(1979-1999) from 12 of them. Table 1 shows the model names and acronyms, their 

horizontal and vertical resolutions, brief descriptions of their deep convection schemes, 

and flux corrections. Models with same or similar deep convection schemes are listed 

together in Table 1 and in all the figures in this paper. For each model we use 20 years of 

monthly mean SST, precipitation, SLP, surface wind stress, surface downward shortwave 

flux (SWF), surface latent heat flux (LHF), and surface air specific humidity.  

The model simulations are validated using multiple observational datasets (Table 2). 

For each variable, different datasets are used whenever possible in order to bracket the 

uncertainties associated with measurement/retrieval/analysis. Because we are interested 

only in the large-scale features, unless otherwise specified, all model outputs and 
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observational datasets are averaged to have a zonal resolution of 10 degrees longitude but 

the original meridional resolutions are kept. 

 

3.  The double-ITCZ problem in the coupled runs 

a.  Precipitation and SST  

Figure 2 shows the horizontal maps of annual mean SST (shading) and precipitation 

(contours) for observation and 22 IPCC AR4 CGCMs. For the convenience of 

presentation, the names used in this study for the different geographical regions are 

shown in Figure 2b. In observation (Figure 2a), most of the precipitation falls in the 

Indian Ocean, maritime continent, western equatorial Pacific, northern hemisphere ITCZ, 

and southern hemisphere SPCZ (South Pacific Convergence Zone). The SPCZ tilts to the 

southeast, and the 5-mm/day contour stays to the west of 200E. The precipitation pattern 

does not follow the SST pattern very well. For example, precipitation is large over the 

eastern Pacific warm pool region where SST is about 27-28 C, but is small over 

southeastern Pacific (5S-15S, 200E-240E) where SST is also about 27-28 C, suggesting 

the existence of some physical processes suppressing deep convection over southeastern 

Pacific. 

The observed precipitation/SST pattern is not well simulated by most of the models 

(Figure 2c-x). Of the 22 models, there are only four with heat flux correction (denoted by 

“adj” in Figure 2), and we will focus on the other 18 models without flux correction. 

Following Davey et al. (2002), we call these models “no-adj” models. The simulations of 

the “no-adj” models show three characteristics: (1) More than three-quarters of the 

models show a clear double-ITCZ pattern in precipitation, which is characterized by 
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excessive precipitation over northern hemisphere ITCZ and southern hemisphere SPCZ, 

together with an incorrect east-west alignment of SPCZ with the 5 mm/day contour 

extending to the east of 200E. In most of the models there is also excessive precipitation 

over maritime continent and Indian Ocean, while in many models there is insufficient 

precipitation over equatorial Pacific (e.g. PCM, IAP, GISS-EH, HadGEM1, CNRM, 

BCCR, INM, and IPSL). (2) Models with double-ITCZ pattern in precipitation generally 

have an excessive SST cold tongue extending into the western Pacific (e.g. PCM, IAP, 

GISS-EH, HadGEM1, CNRM, BCCR, and INM), while those without double-ITCZ 

pattern often display realistic or overly warm SST along the equator (e.g. GISS-AOM, 

GISS-ER, and MIROC-hires). This suggests that the double-ITCZ problem is associated 

with ocean-atmosphere feedback. (3) The precipitation pattern generally follows the SST 

pattern more closely in the models than in observation, especially over the southeastern 

Pacific (5S-15S, 200E-240E), suggesting that the convection schemes in the models are 

too sensitive to SST and do not capture well the physical processes suppressing deep 

convection, for example, over the southeastern Pacific.  

To give a more quantitative evaluation of the SST and precipitation biases, we plot in 

Figure 3 and Figure 4 the zonal profiles of annual mean SST and precipitation, 

respectively. Figure 3 shows the zonal profiles of SST averaged between (a) 5N-15N, (b) 

5N-5S, and (c) 5S-15S. There are two important things to note concerning Figure 3. First, 

strikingly, most of the models produce a significant cold SST bias (1 C or more in many 

cases) in much of the tropical oceans, not only along the equator as emphasized by many 

previous studies (e.g. Mechoso et al. 1995; Delecluse et al. 1998; Latif et al. 2001; Davey 

et al. 2002; Meehl et al. 2005), but also off the equator in both the northern and southern 
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hemispheres. In other words, the extent of the SST cold tongue is excessive not only in 

the zonal direction as emphasized in previous studies, but also in the meridional 

direction. Furthermore, the zonal SST gradient in equatorial Pacific is overly small in 

most of the models (not shown).  Second, most models produce a warm SST bias in the 

eastern Pacific stratus cloud region and the eastern Atlantic. The cold SST bias in western 

Atlantic and warm SST bias in eastern Atlantic make the zonal SST gradient in Atlantic 

Ocean opposite to that in observation, which is consistent with the results for earlier 

generations of CGCMs (e.g. Davey et al. 2002). 

Figure 4 is same as Figure 3 but for precipitation. Figure 4 demonstrates two points. 

First, most of the models produce excessive precipitation over much of the tropics, 

including Indian Ocean, maritime continent, ITCZ, SPCZ and eastern Atlantic, in spite of 

the significant cold SST bias in all these regions except eastern Atlantic. This suggests 

that deep convection in the models is not controlled by SST itself, but by some other 

processes such as SST gradient (e.g. Lindzen and Nigam 1987), moisture convergence, or 

surface heat fluxes. Similarly, although most of the models simulate insufficient 

precipitation over eastern Pacific warm pool, northwestern Atlantic and equatorial 

western Atlantic, which is consistent with the cold SST biases in those regions, this does 

not necessarily mean that deep convection is controlled by local SST in these regions. 

Other factors may also play some role. Second, more than half of the models simulate 

insufficient precipitation over equatorial Pacific (Figure 4b; e.g. PCM, IAP, GISS-EH, 

HadGEM1, CSIRO, MPI, CNRM, BCCR, and INM), which is also a key feature of the 

double-ITCZ problem. As a result, the bias of zonal mean precipitation is much larger off 

the equator than on the equator (Figure 5). 
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Factors hypothesized to be important for tropical mean climate simulations include 

atmospheric model resolution, atmospheric model physics, and ocean model 

characteristics. We have two pairs of “no-adj” models with similar atmospheric models 

but in different resolution: CCSM3 (T85) vs PCM (T42), and MIROC-hires (T106) vs 

MIROC-medres (T42). CCSM3 does show better tropical mean climate than PCM, but 

MIROC-hires performs not as good as MIROC-medres. Therefore, increasing 

atmospheric model resolution does not always improve the simulation of tropical mean 

climate. 

Regarding model physics, the 22 models provide a large variety of model physics, 

such as all the major deep convection schemes with different types of convective 

closures, convective triggers, and cloud models (Table 1). Models with same or similar 

deep convection schemes are listed together in Table 1 and in all the figures in this paper. 

All the “no-adj” models with Kuo-type convective closure/trigger (MPI, CNRM, and 

BCCR) have significant double-ITCZ problem. The only model with moist convective 

adjustment closure (INM) also has significant double-ITCZ problem. All other models 

have convection schemes that are similar to the Arakawa-Schubert (1974) scheme, but 

sometimes with a bulk cloud model instead of a spectral cloud model. Among these 

models, there is some hint that the ones with explicit moisture trigger tend to simulate 

better tropical mean climate (e.g. MIROC-medres, MIROC-hires, GFDL2.0, and 

GFDL2.1). We will come back to this point in the discussions in section 5. 

Ocean model also plays an important role in simulating tropical mean climate. 

Evidence comes from comparison between GISS-ER and GISS-EH, which have similar 

atmospheric models but different ocean models. They produce dramatically different 
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mean climate, with double-ITCZ problem in GISS-EH but not in GISS-ER (e.g. Figure 2i 

and j). As will be shown by our feedback analysis in section 4b, the atmospheric model of 

GISS-E does produce some incorrect ocean-atmosphere feedback parameters which tend 

to cause insufficient equatorial Pacific precipitation. Therefore, it is likely that there are 

some processes in the GISS-ER ocean model that tend to cancel the atmospheric model 

errors.   

In summary, most of the current state-of-the-art CGCMs has some degree of the 

double-ITCZ problem, which is characterized by excessive precipitation over much of the 

tropics (e.g. northern hemisphere ITCZ, southern hemisphere SPCZ, maritime continent, 

and equatorial Indian Ocean), and in many cases insufficient precipitation over equatorial 

Pacific. This is often associated with significant cold SST bias in much of the tropical 

oceans (both along and off the equator). We do not find any systematic dependence of 

model simulation on atmospheric model resolution, but do find some dependence on the 

choice of ocean model. There is also some hint that the models with explicit moisture 

trigger of deep convection tend to simulate better tropical mean climate. 

 

b.  Surface fluxes 

To understand the cold SST biases in most of the models, we evaluate in this 

subsection the surface fluxes including surface wind stress, LHF, cloud amount, and 

SWF. Surface wind stress has been evaluated by some of the previous model 

intercomparison studies (e.g. Davey et al. 2002), but surface heat fluxes (LHF and SWF) 

have not been evaluated by previous intercomparison studies. 
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The excessive tropical precipitation (i.e. total latent heating) in most of the models 

significantly affects the surface zonal wind stress τx (Figure 6). Most of the models 

produce overly strong easterly τx (i.e. overly strong trade wind) over much of the tropical 

oceans, such as north Indian Ocean, ITCZ, eastern Pacific warm pool, equatorial Pacific, 

south Indian Ocean, and SPCZ. Most of the models also simulate overly strong westerly 

τx over maritime continent (near 100E) and eastern Atlantic, but overly weak easterly τx 

(i.e. overly weak trade wind) over western Atlantic. The distribution of τx bias is quite 

consistent with that of precipitation bias. For example, the overly strong easterly τx over 

equatorial Pacific and the overly strong westerly τx over maritime continent (Figure 6b) 

are consistent with the excessive heating near 120E in many models (Figure 4b). The 

overly strong trade winds over equatorial Pacific, ITCZ and SPCZ are likely to enhance 

ocean upwelling and zonal advection, and thus contribute to the cold SST biases in those 

regions. 

Besides directly forcing the ocean circulation, the surface wind biases also cause 

biases in LHF (Figure 7). The biases in LHF are quite consistent with the biases in τx 

(Figure 6), although the wind speed is also contributed by its meridional component. 

Most of the models produce excessive LHF over much of the tropical oceans, except over 

the northwestern Atlantic and equatorial western Atlantic where the model surface winds 

are overly weak. Therefore, excessive LHF contributes to the cold SST bias in much of 

the tropical oceans. 

In addition to LHF, another dominant term of surface heat flux is SWF, and it is 

expected that the significant biases in precipitation would lead to biases in cloud amount 

and thus SWF. The zonal profiles of total cloud amount are illustrated in Figure 8. Most 
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of the models produce excessive cloud amount over maritime continent, ITCZ and SPCZ, 

but insufficient cloud amount over eastern Pacific warm pool, northwestern Atlantic, and 

equatorial western Atlantic, which is consistent with the sign of precipitation bias in those 

regions. However, over equatorial Pacific, many models with insufficient precipitation 

still produce nearly realistic or even excessive cloud amount, suggesting the presence of 

errors in the models’ cloud fraction schemes. Consistent with the excessive cloud 

amount, most of the models simulate insufficient SWF over much of the tropical oceans 

(Figure 9), which contribute to the cold SST bias in those regions. Moreover, most of the 

models produce excessive SWF over the eastern Pacific stratus cloud region and eastern 

Atlantic, which contributes to the warm SST bias in those regions.  

In short, the excessive precipitation over much of the tropics usually causes overly 

strong trade winds, excessive LHF, and insufficient SWF. These all contribute to the 

significant cold SST biases both along the equator and off the equator. Therefore, 

excessive tropical precipitation plays a central role in CGCM’s tropical mean climate 

biases. 

The double-ITCZ problem is a fairly genetic problem and has been persisting in the 

last several generations of CGCMs in spite of the significant increase of model resolution 

and continuous improvement of model physics. The major difficulty for understanding 

this problem is that it involves ocean-atmosphere feedback, i.e., the ocean drives the 

atmosphere and the atmosphere in turn also forces the ocean, which makes it difficult to 

determine the real cause of the final bias. One approach to overcome this difficulty is to 

evaluate separately each direction of the two-way interaction, for example, if the 

atmosphere model produces correct response when forced by observed SST (the AMIP 
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run), and if the ocean model produces correct response when forced by observed surface 

fluxes. Fortunately, AMIP runs are available for 12 of the 22 IPCC AR4 GCMs. 

Therefore, in the next section we will evaluate the precipitation, surface fluxes, and 

ocean-atmosphere feedback parameters in the atmospheric models. 

 

4. Atmospheric model errors important for ocean-atmosphere feedback 

a.  Precipitation and surface fluxes 

Figure 10 shows the annual mean precipitation (contour) for the available AMIP runs 

of 12 models. Comparing with the coupled runs (Figure 2), the AMIP runs generally 

simulate more realistic annual mean precipitation pattern, with no model producing 

insufficient precipitation over equatorial Pacific. However, a closer look at the zonal 

profiles of precipitation (Figure 11) reveals that the AMIP runs also produce excessive 

precipitation over much of the tropics, not only off the equator but also along the equator. 

In particular, most of the models simulate excessive precipitation over equatorial Pacific 

(Figure 11b). Comparing Figure 11b with Figure 4b indicates that ocean-atmosphere 

coupling shifts the precipitation maximum westward in many models, causing the 

insufficient precipitation over equatorial Pacific. Therefore, excessive tropical 

precipitation is an intrinsic error of the atmospheric models. Ocean-atmosphere coupling, 

on the other hand, does not “cause” the excessive tropical precipitation, but only cause 

the insufficient equatorial Pacific precipitation in the coupled run of many models. 

This point is further illustrated by the meridional profiles of zonal mean precipitation 

(Figure 12). The AMIP run of almost all models produces excessive precipitation 

throughout the tropics from 20S to 20N (Figure 12), with similar magnitude of bias on 
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and off the equator. Comparison of Figure 12 with Figure 5 shows that ocean-atmosphere 

coupling acts to reduce the zonal mean precipitation near the equator (in addition to 

shifting the precipitation maximum westward) and enhances it off the equator.  

As can be expected, the excessive tropical precipitation in the AMIP runs leads to 

significant biases in surface wind stress and surface heat fluxes. Figure 13 shows an 

example along the equator. Most of the models produce overly strong trade winds over 

eastern Pacific (Figure 13a), together with excessive LHF (Figure 13b), and often with 

insufficient SWF (Figure 13c). Therefore, most of the surface flux biases in the coupled 

runs already exist in the AMIP runs, but manifest themselves more in the coupled runs in 

the significant cold SST bias. 

In summary, the AMIP runs also produce excessive precipitation over much of the 

tropics including equatorial Pacific, which also leads to overly strong trade winds, 

excessive LHF and insufficient SWF. This suggests that the excessive tropical 

precipitation is an intrinsic error of the atmospheric models, and that the insufficient 

equatorial Pacific precipitation in some coupled runs comes from ocean-atmosphere 

feedback. In the next subsection, we will evaluate directly the ocean-atmosphere 

feedback parameters to understand what causes the insufficient precipitation in equatorial 

Pacific. 

 

b.  Ocean-atmosphere feedback parameters 

As discussed in the introduction, there are three major ocean-atmosphere feedbacks 

important for the coupled tropical mean climate system: (1) the SST gradient-trade wind 

(Bjerknes) feedback, (2) the SST-LHF feedback, and (3) the SST-SWF feedback. Any 
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positive (negative) feedback tends to enhance (weaken) the east-west SST gradient and 

the Walker circulation. Moreover, theoretical studies (e.g. Dijkstra and Neelin 1995) have 

shown that stronger positive feedback tends to shift the whole system more westward, 

leading to an excessive SST cold tongue/double-ITCZ pattern similar to that produced by 

many CGCMs. However, the quantitative values of the ocean-atmosphere feedback 

parameters in GCMs have not been evaluated by previous model intercomparison studies. 

The strength of the Bjerknes feedback can be measured by the linear regression 

coefficient of τx versus zonal SST gradient (Figure 14a). Several models generate overly 

strong τx for a given zonal SST gradient over equatorial Pacific, and thus produce an 

excessive Bjerknes feedback (e.g. HadGEM1, MPI, CNRM, GISS-ER, and INM). The 

zonal SST gradient first generates zonal SLP gradient (the zonal pressure gradient force), 

and the zonal pressure gradient force in turn forces τx. All models except HadGEM1 

produce quite realistic zonal pressure gradient force for a given zonal SST gradient 

(Figure 14b), but a striking result is that they all produce overly strong τx for a given 

zonal pressure gradient force (Figure 14c). This suggests that all the models have 

insufficient mechanical damping in the boundary layer. What causes this insufficient 

mechanical damping needs further study. 

In many theoretical models, τx is not assumed to be related to SST gradient, but is 

assumed to be proportional to SST itself (see review by Neelin et al. 1998). Therefore, we 

also plot the linear regression coefficient of τx versus SST in Figure 15a. Again, several 

models produce overly strong τx for the same value of SST perturbation over equatorial 

Pacific (e.g. HadGEM1, MPI, CNRM, GISS-ER). All of these models also produce 

overly strong τx for the same value of SST gradient (Figure 14a), suggesting that their 
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excessive Bjerknes feedback is quite robust independent of the choice of feedback 

parameters. These models tend to simulate excessive sensitivity of precipitation to SST 

(Figure 15b), and also overly strong τx for a given value of precipitation (Figure 15c) 

which may be related to the insufficient boundary layer mechanical damping (Figure 

14c). 

The strength of SST-LHF feedback can be measured by the linear regression of LHF 

versus SST (Figure 16a). In observation, LHF increases with SST over much of the 

equatorial Pacific, and thus provide a negative feedback for SST that tends to damp any 

SST perturbation. In several models, however, LHF decreases with SST, giving an 

incorrectly positive feedback that tends to amplify any SST perturbation (e.g. CCSM3, 

PCM, GISS-ER, CNRM, and INM). LHF is affected by both surface wind speed and the 

difference between sea surface saturation specific humidity (qs ) and surface air specific 

humidity (qair). In observation, the surface wind speed (as represented here by the 

absolute value of τ) decrease with SST over equatorial Pacific (Figure 16b), which may 

be due to the surface wind convergence associated with enhanced convection. This is 

well captured by almost all models (Figure 16b). The observed qs - qair , on the other 

hand, increases with SST (Figure 16c), suggesting that when SST increases and qs 

increases, qair does not change as much as qs. This is not well captured by the models, 

with many models producing insufficient increase of qs - qair with SST (Figure 16c; note 

qair data is not available for four models), which in turn is caused by excessive sensitivity 

of qair to SST (Figure 16d). 

The strength of SST-SWF feedback can be measured by the linear regression of SWF 

versus SST (Figure 17a). In observation, SWF decreases with SST, and thus provides a 
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negative feedback to SST that tends to damp any SST perturbation. Several models 

produce insufficient SST-SWF feedback over equatorial Pacific (e.g. MIROC-medres, 

MIROC-hires, and PCM), while several other models simulate excessive SST-SWF 

feedback (e.g. MPI, CNRM, IPSL, INM, CCSM3 and MRI). The SST-SWF feedback 

loop is as follows: increase of SST enhances precipitation, while precipitation in turn 

increases cloud amount, and cloud reduces the SWF. We have known that most of the 

models tend to produce excessive sensitivity of precipitation to SST (Figure 15b), which 

tends to cause excessive SST-SWF feedback. Then, what causes the insufficient SST-

SWF feedback in several models? Actually, it is mainly caused by insufficient sensitivity 

of cloud amount to precipitation in almost all models (Figure 17b), which leads to 

insufficient sensitivity of cloud to SST (Figure 17c). Another contributing factor in one or 

two models is insufficient reduction of SWF associated with increased cloud amount 

(Figure 17d; e.g. PCM), which may be associated with too-small cloud optical depth in 

those models.  

To summarize, feedback analysis demonstrates that the insufficient equatorial Pacific 

precipitation in different models is associated with one or more of the following three 

biases in ocean-atmosphere feedback: (1) excessive Bjerknes feedback, which is caused 

by insufficient boundary layer mechanical damping and excessive sensitivity of 

precipitation to SST; (2) incorrectly positive SST-LHF feedback, which is caused by 

excessive sensitivity of surface air humidity to SST; and (3) insufficient SST-SWF 

feedback, which is caused by insufficient sensitivity of cloud amount to precipitation.  

For a certain model, the biases in different feedbacks may enhance or cancel each 

other. For example, the incorrectly positive SST-LHF feedback in CCSM3 is largely 
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cancelled by the excessive negative SST-SWF feedback, i.e., the total surface heat flux 

response to SST is nearly correct.  Similar cancellation also occurs for the MIROC-

medres model. On the contrary, in several other models (e.g. PCM, CNRM), biases in 

different feedbacks enhance each other, which may contribute to their significantly 

insufficient precipitation over equatorial Pacific.  

The errors in the atmospheric models may also be enhanced or cancelled by those in 

the ocean models. The ocean model is highly involved in the Bjerknes feedback through 

the wind-driven ocean circulation, and is also involved in the SST-LHF feedback and the 

SST-SWF feedback through the ocean mixed layer heat budget. For example, although 

the atmospheric model of GISS-ER produces excessive Bjerknes feedback and 

incorrectly positive SST-LHF feedback, when coupled to different ocean models, the 

biases only manifest in GISS-EH but not in GISS-ER, suggesting that the GISS-ER ocean 

model has some processes that cancel the atmospheric model errors. On the other hand, 

for the IAP model, we do not find any significant error in the feedback parameters in its 

atmospheric model, but its coupled run displays insufficient equatorial Pacific 

precipitation, suggesting that its ocean model may produce some incorrect feedback. 

 

5.  Summary and discussion 

This study examines the double-ITCZ problem in the IPCC AR4 CGCMs. The 20th 

century climate simulations of 22 IPCC AR4 CGCMs are analyzed, together with the 

available AMIP runs from 12 of them. To understand the physical mechanisms for the 

double-ITCZ problem, the main ocean-atmosphere feedbacks, including the Bjerknes 

feedback, the SST-LHF feedback, and the SST-SWF feedback, are studied in detail.  



 22 

The results show that most of the current state-of-the-art CGCMs has some degree of 

the double-ITCZ problem, which is characterized by excessive precipitation over much of 

the tropics (e.g. northern hemisphere ITCZ, southern hemisphere SPCZ, maritime 

continent, and equatorial Indian Ocean), and often associated with insufficient 

precipitation over equatorial Pacific. The excessive precipitation over much of the tropics 

usually causes overly strong trade winds, excessive LHF and insufficient SWF, leading to 

significant cold SST bias in much of the tropical oceans.  

The AMIP runs also produce excessive precipitation over much of the tropics 

including equatorial Pacific, which also leads to overly strong trade winds, excessive 

LHF and insufficient SWF. This suggests that the excessive tropical precipitation is an 

intrinsic error of the atmospheric models, and that the insufficient equatorial Pacific 

precipitation in the coupled runs of many models comes from ocean-atmosphere 

feedback. Feedback analysis demonstrates that the insufficient equatorial Pacific 

precipitation in different models is associated with one or more of the following three 

biases in ocean-atmosphere feedback: (1) excessive Bjerknes feedback, which is caused 

by insufficient boundary layer mechanical damping and excessive sensitivity of 

precipitation to SST; (2) incorrectly positive SST-LHF feedback, which is caused by 

excessive sensitivity of surface air humidity to SST; and (3) insufficient SST-SWF 

feedback, which is caused by insufficient sensitivity of cloud amount to precipitation. 

These results suggest that the double-ITCZ problem in CGCMs may be alleviated by 

reducing the excessive tropical precipitation and the above feedback-relevant errors in the 

atmospheric models. Figure 18 summarizes schematically the tropical mean climate 
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biases in many IPCC AR4 CGCMs and the AGCM errors in ocean-atmosphere feedback 

parameters. 

Overall, our results reveal five common biases in many climate models, namely  

(1) excessive tropical precipitation,  

(2) excessive sensitivity of precipitation to SST,  

(3) excessive sensitivity of surface air humidity to SST,  

(4) insufficient sensitivity of cloud amount to precipitation, and 

(5) insufficient boundary layer mechanical damping. 

The first three biases are all connected in some way to deep convection, and are 

consistent with another bias in the IPCC AR4 models identified by Lin et al. (2006a) – 

the too-strong persistence of tropical precipitation. A possible way to alleviate these 

biases is to include some observed negative feedback mechanisms to the deep convection 

schemes to suppress the deep convection, decouple the deep convection from SST, and to 

some extent decouple the boundary layer from SST. The observed negative feedback 

processes in deep convection include: (1) control of deep convection by lower 

troposphere moisture (e.g. Brown and Zhang 1997); (2) drying and cooling of the 

boundary layer by convective downdrafts, especially unsaturated convective downdrafts 

(e.g. Zipser 1969, Houze 1977, Barnes and Garstang 1982), and (3) drying of the lower 

troposphere by mesoscale downdrafts (e.g. Zipser 1969, 1977; Houze 1977, 1982; Mapes 

and Houze 1995; Mapes and Lin 2005). The current GCMs have not included all the 

above negative feedback processes in deep convection (Table 1). Although many of the 

models have saturated convective downdrafts, only one of them has unsaturated 

convective downdrafts (IPSL using the Emanuel 1991 convection scheme), and none of 
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the models have mesoscale downdrafts. Moreover, the control of deep convection by 

lower troposphere moisture has not been well represented in many models, especially 

because they include undiluted or weakly diluted updrafts in the cloud model. Only 

several models have included some form of moisture trigger (e.g. MIROC-medres, 

MIROC-hires, GFDL2.0, GFDL2.1), and our results suggest that these models tend to 

simulate better tropical mean climate.  

A surprising finding of this study is the insufficient boundary layer mechanical 

damping in almost all models. It may be associated with the lack of shallow convective 

momentum transport in almost all models. Lin et al. (2006b) analyzed the observed zonal 

momentum budget of the Walker circulation, and found that shallow convective 

momentum transport is a dominant term of the zonal momentum budget. The trade winds 

over equatorial Pacific are mainly braked by shallow convective momentum transport. 

However, how strongly this process affects the boundary layer mechanical damping 

needs further study. 

Our analysis mainly focuses on the atmospheric model errors important for the 

double-ITCZ problem, but the ocean model also plays an important role in ocean-

atmosphere feedbacks, especially in the Bjerknes feedback. Unfortunately, ocean model 

experiments forced by observed surface momentum and heat fluxes (the “OMIP” runs) 

are not available for the IPCC AR4 models, and in the future we will try to analyze the 

OMIP runs from some individual models to further understand the role of ocean model in 

the double-ITCZ problem. 
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FIGURE CAPTIONS 

Figure 1. Schematic depiction of the ocean-atmosphere feedback mechanisms in tropical 

mean climate system. 

Figure 2. Annual mean SST (shading) and precipitation (contour) for observation and 22 

IPCC AR4 CGCMs. Contour starts at 5 mm/day with an interval of 2 mm/day. Models 

with heat flux adjustment are denoted by (adj). (b) shows the names used in this paper for 

the different geographical regions. 

Figure 3. Annual mean SST averaged between (a) 5N-15N, (b) 5N-5S, and (c) 5S-15S. 

Figure 4. Same as Figure 3 but for precipitation. 

Figure 5. Meridional profiles of zonal-mean annual mean precipitation. 

Figure 6. Same as Figure 3 but for τx. 

Figure 7. Same as Figure 3 but for LHF. 

Figure 8. Same as Figure 3 but for total cloud amount. 

Figure 9. Same as Figure 3 but for surface downward shortwave flux (SWF). 

Figure 10. Same as Figure 2 but for the AMIP run of 12 models. 

Figure 11. Same as Figure 4 but for the AMIP run of 12 models. 

Figure 12. Same as Figure 5 but for the AMIP run of 12 models. 

Figure 13. Same as Figure 3 but for 5N-5S averaged (a) τx, (b) LHF, and (c) SWF for 

the AMIP run of 12 models. 

Figure 14. Linear regression of 5N-5S averaged monthly data for (a) τx vs zonal SST 

gradient, (b) zonal pressure gradient force vs zonal SST gradient, and (c) τx vs zonal 

pressure gradient force. 
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Figure 15. Same as Figure 14 but for (a) τx vs SST, (b) precipitation vs SST, and (c) τx 

vs precipitation. 

Figure 16. Same as Figure 14 but for (a) LHF vs SST, (b) | τ | vs SST, (c) sea-air specific 

humidity difference vs SST, and (d) surface air specific humidity vs SST. 

Figure 17. Same as Figure 14 but for (a) SWF vs SST, (b) total cloud amount vs SST, (c) 

total cloud amount vs SST, and (d) SWF vs total cloud amount. 

Figure 18. Schematic depiction of the tropical mean climate biases in many IPCC AR4 

CGCMs. Dark shading denotes excessive precipitation, while light shading denotes 

insufficient precipitation. Arrow denotes surface zonal wind stress bias. The biases in 

total cloud amount (CLD), surface downward shortwave flux (SWF), surface latent heat 

flux (LHF), and SST are denoted by “+” for positive bias, and “-” for negative bias. 
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     Table 1  List of models that participate in this study1 

Modeling Groups IPCC ID (Label 
in Figures) 

Grid type/ 
Resolution/ 
Model top 

Deep convection 
scheme / 
Modification 

Downdrafts2 
SC/UC/Meso 

Closure/ 
Trigger 

Flux 
correction 

National Center for 
Atmospheric Research  

CCSM3      
(CCSM3) 

Spectral       
T85*L26 
2.2mb 

Zhang and 
McFarlane (1995) 

Y/N/N CAPE N 

National Center for 
Atmospheric Research 

PCM               
(PCM) 

Spectral      
T42*L26       
2.2mb 

Zhang and 
McFarlane (1995) 

Y/N/N CAPE N 

Canadian Centre for 
Climate Modeling & 
Analysis 

CGCM3.1-T47    
(CGCM-T47) 

Spectral 
T47*L32 
1mb 

Zhang & 
McFarlane (1995) 

Y/N/N CAPE Heat, water 

Canadian Centre for 
Climate Modeling & 
Analysis 

CGCM3.1-T63    
(CGCM-T63) 

Spectral 
T63*L32 
1mb 

Zhang & 
McFarlane (1995) 

Y/N/N CAPE Heat, water 

LASG/Institute of 
Atmospheric Physics 

FGOALS-g1.0    
(IAP) 

Gridpoint 
64*32*L32 
2mb 

Zhang & 
McFarlane (1995) 

Y/N/N CAPE N 

NASA/ Goddard 
Institute for Space 
Studies 

GISS-AOM    
(GISS-AOM) 

Gridpoint  
90*60*L12 

Russell et al. 
(1995) 

N/N/N CAPE N 

NASA/ Goddard 
Institute for Space 
Studies 

GISS-ER         
(GISS-ER) 

Gridpoint            
72*46*L20  
0.1mb 

Del Genio and 
Yao (1993) 

Y/N/N Cloud base 
buoyancy 

N 

NASA/ Goddard 
Institute for Space 
Studies 

GISS-EH         
(GISS-EH) 

Gridpoint            
72*46*L20  
0.1mb 

Del Genio and 
Yao (1993) 

Y/N/N Cloud base 
buoyancy 

N 

Hadley Centre for 
Climate Prediction 
and Research / Met 
Office 

UKMO-HadCM3  
(HadCM3) 

Spectral 
T63*L18 
4mb 

Gregory and 
Rowntree (1990) 

Y/N/N Cloud base 
buoyancy 

N 

Hadley Centre for 
Climate Prediction 
and Research / Met 
Office 

UKMO-
HadGEM1  
(HadGEM1) 

Spectral 
T63*L18 
4mb 

Gregory and 
Rowntree (1990) 

Y/N/N Cloud base 
buoyancy 

N 

CSIRO Atmospheric 
Research 

CSIRO Mk3.0  
(CSIRO) 

Spectral 
T63*L18 
4mb 

Gregory and 
Rowntree (1990) 

Y/N/N Cloud base 
buoyancy 

N 

Meteorological 
Research Institute 

MRI-CGCM2.3.2 
(MRI) 

Spectral 
T42*L30 
0.4mb 

Pan and Randall 
(1998) 

Y/N/N CAPE Heat, water 

Center for Climate 
System Research (The 
University of Tokyo), 
National Institute for 
Environmental 
Studies, and Frontier 
Research Center for 
Global Change  

MIROC3.2–hires      
(MIROC-hires) 

Spectral 
T106*L56 

Pan and Randall 
(1998) / Emori et 
al. (2001) 

Y/N/N CAPE/  
Relative 
humidity 

N 

Same as above MIROC3.2-
medres  
(MIROC-medres) 

Spectral 
T42*L20   
30 km 

Pan and Randall 
(1998) / Emori et 
al. (2001) 

Y/N/N CAPE/ 
Relative 
humidity 

N 
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NOAA / Geophysical 
Fluid Dynamics 
Laboratory 

GFDL-CM2.0 
(GFDL2.0) 

Gridpoint 
144*90*L24 
3mb 

Moorthi and 
Suarez (1992)  / 
Tokioka et al. 
(1988) 

N/N/N CAPE/ 
Threshold 

N 

NOAA/ Geophysical 
Fluid Dynamics 
Laboratory 

GFDL-CM2.1 
(GFDL2.1) 

Gridpoint  
144*90*L24 
3mb 

Moorthi and 
Suarez (1992) / 
Tokioka et al. 
(1988) 

N/N/N CAPE/ 
Threshold 

N 

Max Planck Institute 
for Meteorology 

ECHAM5/    
MPI-OM       
(MPI) 

Spectral 
T63*L31 
10mb 

Tiedtke (1989) / 
Nordeng (1994) 

Y/N/N CAPE/ 
Moisture 
convergence 

N 

Meteorological 
Institute of the 
University of Bonn, 
Meteorological 
Research Institute of 
KMA, and Model and 
Data Group 

ECHO-G        
(ECHO-G) 

Spectral 
T30*L19 
10mb 

Tiedtke (1989) / 
Nordeng (1994) 

Y/N/N CAPE/ 
Moisture 
convergence 

Heat, water 

Mateo-France / Centre 
National de 
Recherches 
Météorologiques 

CNRM-CM3 
(CNRM) 

Spectral 
T63*L45 
0.05mb 

Bougeault (1985) N/N/N Kuo N 

Bjerknes Centre for 
Climate Research 

BCCR-BCM2.0 
(BCCR) 

Spectral 
T63*L31 
10mb 

Bougeault (1985) N/N/N Kuo N 

Institute for 
Numerical 
Mathematics 

INM-CM3.0    
(INM) 

Gridpoint 
72*45*L21 

Betts (1986) N/N/N CAPE Water 

Institute Pierre Simon 
Laplace 

IPSL-CM4      
(IPSL) 

Gridpoint 
96*72*L19 

Emanuel (1991) Y/Y/N CAPE N 

1Models with same or similar deep convection schemes are listed together.                                                             
2For downdrafts, SC means saturated convective downdrafts, UC means unsaturated convective downdrafts, and 
Meso means mesoscale downdrafts. 
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Table 2. Observational datasets used in this study 

Variable 
(Acronym) 

Dataset 
 

Spatial 
Coverage/ 
Resolution 
(degrees) 

Temporal 
Coverage Reference 

 

Sea surface temperature 
(SST) 

ERSST 
 
HADISST 

Global ocean 
1x1 
Global ocean 
1x1 

1979-2004 
 
1979-2004 

Smith and 
Reynolds 2004 
Rayner et al. 
2003 

Precipitation GPCP 
 
TRMM 
PR/TMI 
combined 

Global 
2.5x2.5 
Global     
5x5 

1979-2004 
 
1998-2005 

Adler et al. 
2003 
 

Sea level pressure 
(SLP); surface zonal 
wind stress (τx) 

NCEP/NCAR 
reanalysis 
 
ERA-40 
reanalysis 

Global 
2.5x2.5 
 
Global 
2.5x2.5 

1979-1999 
 
 
1979-1999 

Kalnay et al. 
1996 
 
Gibson et al. 
1997 

Surface latent heat flux NCEP/NCAR 
reanalysis 

Global 
2.5x2.5 

1979-1999 Kalnay et al. 
1996 

Total cloud amount ISCCP D2 Global 
2.5x2.5 

1984-2000 Rossow et al. 
1996 

Surface net shortwave 
flux 

ISCCP 
derived 

Global 
2.5x2.5 

1984-2002 Zhang et al. 
2004 
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Table 3. AGCM errors in ocean-atmosphere feedback parameters 

IPCC ID (Label in 
Figures) 

Insufficient 
equatorial Pacific 
precipitation in 
coupled run? 

Excessive 
Bjerknes 

feedback? 

Incorrectly 
positive SST-LHF 

feedback? 

Insufficient SST-
SWF feedback? 

CCSM3       
(CCSM3) 

  Y Excessive 

PCM                
(PCM) 

Y  Y Y 

FGOALS-g1.0    
(IAP) 

Y    

GISS-ER         
(GISS-ER) 

 Y Y  

UKMO-HadGEM1  
(HadGEM1) 

Y Y   

MRI-CGCM2.3.2 
(MRI) 

Heat flux correction Y Overly negative Excessive 

MIROC3.2–medres      
(MIROC-hires) 

  Overly negative Y 

MIROC3.2-hires  
(MIROC-medres) 

   Y 

ECHAM5/MPI-OM       
(MPI) 

Y Y  Excessive 

CNRM-CM3 
(CNRM) 

Y Y Y Excessive 

INM-CM3.0     
(INM) 

Y Y Y Excessive 

IPSL-CM4       
(IPSL) 

   Excessive 
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Figure 1. Schematic depiction of the ocean-atmosphere feedback mechanisms in tropical mean 
climate system. 
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Figure 2. Annual mean SST (shading) and precipitation (contour) for observation and 22 IPCC 
AR4 CGCMs. Contour starts at 5 mm/day with an interval of 2 mm/day. Models with heat flux 
adjustment are denoted by (adj). (b) shows the names used in this paper for the different 
geographical regions. 
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Figure 2. Continued. 
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Figure 3. Annual mean SST averaged between (a) 5N-15N, (b) 5N-5S, and (c) 5S-15S. 
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Figure 4. Same as Figure 3 but for precipitation. 



 45 

 
 

Figure 5. Meridional profiles of zonal-mean annual mean precipitation. 
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Figure 6. Same as Figure 3 but for τx. 
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Figure 7. Same as Figure 3 but for LHF. 
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Figure 8. Same as Figure 3 but for total cloud amount. 
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Figure 9. Same as Figure 3 but for surface downward shortwave flux (SWF). 
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Figure 10. Same as Figure 2 but for the AMIP run of 12 models. 
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Figure 11. Same as Figure 4 but for the AMIP run of 12 models. 
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Figure 12. Same as Figure 5 but for the AMIP run of 12 models. 
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Figure 13. Same as Figure 3 but for 5N-5S averaged (a) τx, (b) LHF, and (c) SWF for the AMIP 

run of 12 models. 
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Figure 14. Linear regression of 5N-5S averaged monthly data for (a) τx vs zonal SST gradient, (b) 
zonal pressure gradient force vs zonal SST gradient, and (c) τx vs zonal pressure gradient force. 
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Figure 15. Same as Figure 14 but for (a) τx vs SST, (b) precipitation vs SST, and (c) τx vs 

precipitation. 
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Figure 16. Same as Figure 14 but for (a) LHF vs SST, (b) | τ | vs SST, (c) sea-air specific 
humidity difference vs SST, and (d) surface air specific humidity vs SST. In (c) and (d), surface 
air specific humidity data is not available for four models. 
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Figure 16. Continued. 
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Figure 17. Same as Figure 14 but for (a) SWF vs SST, (b) total cloud amount vs SST, (c) total 

cloud amount vs SST, and (d) SWF vs total cloud amount. 
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Figure 17. Continued. 
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Figure 18. Schematic depiction of the tropical mean climate biases in many IPCC AR4 CGCMs. 
Dark shading denotes excessive precipitation, while light shading denotes insufficient 
precipitation. Arrow denotes surface zonal wind stress bias. The biases in total cloud amount 
(CLD), surface downward shortwave flux (SWF), surface latent heat flux (LHF), and SST are 
denoted by “+” for positive bias, and “-” for negative bias.  


